Black shale is studied because of its economic value, paleoclimatic and paleogeographic significance. Due intensive development southeast of Chongqing, Longmaxi black shale, characterized by thickness in excess of 100 m, is becoming a location of concentrated research interest for shale gas exploration in China. The paleoenvironment, mineral composition, elements and reservoir characteristics of black shale of the Lower Silurian Longmaxi formation southeast of Chongqing were obtained by cores, outcrops, slices analysis, X-ray diffraction and X-ray fluorescence spectrum. The results show that Longmaxi black shale, including turbidite and suspended sediment, is deposited primarily in deep water. The sum of SiO 2 , Al 2 O 3 and Fe 2 O 3 content ranges from 73.82% to 90.54% by weight; quartz, feldspar and clay minerals are the dominant minerals in the rocks, ranging from 56% to 100%. Trace element contents of Mo (7.71 µg/g) and U (5.97 µg/g) are higher than that of earth crust and mudstone, the indexes of the anoxic reducing environment in the Longmaxi stage in the study area. The relative sea level of the Lower Silurian Longmaxi period, which correlates to total organic carbon content, experienced two riseand-fall cycles; meanwhile, the reducibility of the ancient sea waters experienced a similar period of rise-and-fall cycles. Total organic carbon content is quite higher near the maximum flooding surface in study area. After mineral analysis, the reservoir property was found to be similar to the Ohio shale that provided the first commercial gas production in the United States, thereby inspiring and instructing shale gas exploration and exploitation southeast of Chongqing.
INTRODUCTION
Due to rapid energy consumption, oil, coal and other conventional energy resources Shao et al., 1998) . The rise of earth crust caused by the Yanshan and Indosinian movement eroded the formation, and since then, the NNE-trending Neocathaysian structural system formed (Ma et al., 2004; .
SEDIMENTARY FACIES
This study first describes the sedimentary facies and then interprets the depositional environments by the study of color, structure, mineral composition and chemical elements of cores and outcrops. Based on research of color, texture and dominant sedimentary structures of the Well Yuye 1 cores and outcrops sampled in study area, this study identifies two main sedimentary facies: turbidite and suspended sediment.
Turbidite
Turbidites were first described properly in Bouma (1962) , which studied deepwater sediments and recognized specific fining up intervals in fine grained shales. These were considered anomalous because they started at pebble conglomerates and terminated in shales and due to the historic assumption that tractional flow had no mechanism to carry and deposit coarse-grained sediments into the abyssal depths (Walker, 1967; Piret, 2001 ). In the study area, turbidite is characterized by dark gray shale, dark gray silty shale and a few gray siltstones. Graded bedding in which the grain size changes from silt to mud is a significant sign in identifying turbidite in collected cores; furthermore, some silt blocks formed by slumping and slight deformed bedding developed over the silt blocks (Fig. 2a) . A liquefied sandstone dyke, which identifies turbidite well, was trapped in the middle of dark gray shale and gray silty shale (Fig. 2b) . Another good marker for turbidite is deformed bedding formed by the slumping of sediments and was also found in the samples (Fig. 2c) . Horizontal bedding is widely developed in black shale and was found on the topmost section of the graded bedding. The horizontal bedding shale and the underlying graded bedding form Sections C and E of the Bouma circle, and the horizontal bedding was also found on the top of the shale, indicating an intermission between the two stages of the turbidity current (Fig. 2d) .
ENERGY EXPLORATION & EXPLOITATION
The formation and preservation of turbidite requires a specific environment in which storms cannot destroy earlier sediments, including semi-deep and deep-ocean sediments (Galloway, 1996; Young, 2003) . The turbidite preserved in study area may therefore indicate a relatively deep water depositional environment.
Suspended sediment
Relative sea level was higher in the early Silurian, and fine-grained deposits developed widely throughout the interval (Liu, 1983; Guo, 2004) . Recently, this fine-grained sedimentary rock has become the focus for shale gas exploration in the study area.
Primarily composed of suspended sediment, Longmaxi black shale includes black shale, dark gray shale, dark gray marly shale and dark gray silty shale. Grey or black sedimentary rock, especially black shale, developed primarily in a reducing environment (Hu et al., 2006; Wang et al., 2009; Jiang, 2010) . Because abundant organic matter from alga and bacterium can be formed and stored within black shale ( Sun et al., 1998) , including Barnett shale producing voluminous shale gas, Longmaxi shale has become the key target for shale gas exploration in the study area (Daniel et al., 2007) . Horizontal bedding usually forms in weak hydrodynamic conditions, especially in deep water (Galloway, 1996) , and is widely developed in the study area as shown in figure 3A . In addition, abundant strawberry shape pyrite formations appeared in slice under microscope (Fig. 3B) , indicating a reducing sedimentary environment. Graptolite is largely found in outcrops and was preserved relatively well in the Longmaxi black shale (Fig. 3C ). This finding indicates that it may rarely have been damaged by waves, especially storm waves, and that the water environment near the sediment surface was still and relatively deep in the Longmaxi period. 
ELEMENT AND MINERAL CHARACTERISTICS AND ITS ENVIRONMENTAL SIGNIFICANCE

Sampling and methods
The samples tested in this paper were collected from outcrops and cores of Well Yuye 1, which were wrapped in plastic, transported to Beijing and stored at approximately 25 ЊC. Element analysis was undertaken on the length of the core. Major elements were determined using a Philips PW2404 X-ray fluorescence spectrometer based on the methods described in Kramar (1997) , and trace elements determination was performed using an Inductively Coupled Plasma Mass Spectrometer (Finnigan-MAT) in the Analytical Laboratory at the Beijing Research Institute of Uranium Geology. Mineral determination was performed using a D/max-2500 X-ray diffraction instrument in the Petroleum Geology Research and Central Laboratory (PGR) RIPED. A total of 45 samples were selected spanning the early Silurian Longmaxi black shale layers, and 34 samples were used for this study. (Fig. 4) . The excursion of the major element may indicate the environmental inflection point. Other major elements occur relatively less often, as follows:
Element and mineral characteristics
Clay minerals are the dominant minerals in samples collected from Well Yuye 1, ranging from 32.8% to 61.5% by weight, with an average content of 47.9%; quartz is the second most frequent mineral with an average content of 33.1% by weight. Feldspar follows with an average content of 10.48%. These clay minerals are characterized by high amounts of illite and relatively low chlorite, and other clay minerals were not detected. Table 2 lists trace element data, and Figure 4 displays graphs of some trace elements and ratios. Trace element contents of Mo and U are higher than that of earth crust and mudstone. The average contents of Mo in the crust and mudstone are approximately 1 µg/g and 2.0 µg/g, respectively (Nameroff et al., 2002) . The average content of Mo in Longmaxi black shale in the study area is 7.71 µg/g, which is much higher than crust and mudstone. The average contents of U in the crust and mudstone are approximately 3.5 µg/g and 3.2 µg/g, respectively (Yu et al., 2003) , and the U content in Longmaxi black shale is 5.97 µg/g. The enrichment of Mo and U in Longmaxi black shale indicates an anoxic reducing environment in the Longmaxi stage in the study area.
The trace elements Mo, U, V and Ni can be divided into four stages (Fig. 4) . In the first section (from 324.6 m to 250 m), trace elements Mo, U, V and Ni display an increasing tendency, and the average content of Mo, U, V and Ni are 13.7 µg/g, 7.4 
Environmental significance
The distribution and differentiation (loss or enrichment) of redox sensitive trace elements were predominantly controlled by their chemical property and ocean redox condition (Sun et al., 2005) . Redox conditions in marine settings controlled the concentrations of redox sensitive trace elements in sediments and sedimentary rocks. Their concentrations could thus reconstruct the paleoredox (Crusius et al., 1996) . The redox sensitive trace elements, Mo, U, V and Ni, have few origins and primarily do not move after deposition and burial; consequently, the sediments and sedimentary rocks retained the primary concentrations of these elements and reflect the characteristics of the depositional conditions. These conditions confer to Mo, U, V and Ni good values as proxies for paleoredox. In oxic to suboxic conditions, U, V and Mo do not enrich, but U and V enrich in anoxic and euxinic conditions (Sun et al., 2005) . Mo enriches only in euxinic settings. The combined use of Mo, U, V and Ni concentrations therefore enables us to distinguish among the redox conditions (Morford et al., 1999; Rimmer, 2004; Algeo, 2004; Tribovillard et al., 2006; Chang et al., 2009; Wu et al., 2009) . Anderson et al. (1989) suggested that the oxidation-reducibility of seawater could reflect the relative sea level change. A strong seawater reducibility may indicate that the ancient relative sea level reached a high level (Bao, 1998) . As mentioned above, trace element contents of Mo (7.71 µg/g) and U (5.97 µg/g) are higher than that of earth crust and mudstone and indicated an anoxic reducing environment in the Longmaxi stage. The high contents of Mo, U, V and Ni thus show a stronger reducibility of ancient ocean water. The contents of Mo, U, V and Ni can be divided into four stages, defined by the previously mentioned segment depths of each stage. In the first stage, Mo, U, V and Ni contents enriched upward in sedimentary rocks to some extent, indicating that the seawater reducibility strengthened from the early to late Longmaxi stage. In the second stage, Mo, U, V and Ni contents decreased upward in sedimentary rocks, indicating the more reductive character of earlier seawater, and from this we can conclude that the relative sea level fell in this stage. In the third stage, Mo, U, V and Ni contents increased upward, pointing to less reductive character of earlier seawater and meaning that the relative sea level has an increasing tendency. In the last stage, Mo, U, V and Ni decreased upward, indicating the more reductive character of earlier seawater. The similarity of the relative sea level to the reducibility of seawater has a decreasing tendency in the last stage. Arthur et al. (1994) suggested that U/Th ratios in dark shale reflect the oxidationreducibility of ancient seawater. The reducibility of ancient sea water will be stronger when U/Th ratios are greater. The result illustrates that the U/Th curve has a generally 608 Paleoenvironment of Lower Silurian black shale and its significance to the potential of shale gas, southeast of Chongqing, China similar trend compared with the Mo, V, Ni and U curves (Fig. 4) , and it can also be divided into four stages. After the preceding analysis, the variation progress of Mo, U, V and Ni contents and the U/Th ratios demonstrate that the relative sea level of study area has experienced two rise-and-fall cycles (Fig. 4) .
PALEOENVIRONMENT AND ITS SIGNIFICANCE TO SHALE GAS
Source rock significance
Source rock research has extremely important geological significance on shale gas exploration. Source rock developed in different environments exhibits different hydrocarbon generation potentials (Sun and Puttmann, 2004; Qin et al., 2008; Ding et al., 2011) . As an important indicator of hydrocarbon potential, black shale should be analyzed. In the study area, turbidite sediment developed in a relatively short period of time and could be a reservoir for conventional oil and gas. In contrast, it contributes little to unconventional gas, especially shale gas. Composed of suspended sediments, the Longmaxi black shale is the key for shale gas exploration because black shale can be the source rock for shale gas and also serves as a shale gas reservoir (Curtis, 2002; Guo et al., 2011) . Paleoenvironment analysis of sedimentary rock and especially black shale is therefore the fundamental geological work. As discussed above, the Lower Silurian relative sea level in the study area could be divided into four stages. In the earlier three stages, the relative sea level was higher, although some negative or positive excursion occurred, representing a slight relative sea level change. The total organic carbon (TOC) content also coincided with relative sea level (Fig. 4) , and relative higher TOC content is located approximately in the flooding surface. In addition, organic matter produced in the early Silurian was primarily derived from alga and bacterium (Zhang et al., 1998) ; the bloom of reproduction of alga and bacterium requires a suitable environment, such as the appropriate oxidizability of sea water that is also important in source rock dissection. TOC content is one of the key factors for shale gas accumulation, and it has certain effects on the physicochemical properties of black shale, including colors, density and ability of resistance to weather. Zhang (2008) suggested that TOC partially controlled crack development in black shale and that it also greatly influenced shale gas content. The shale gas output of Barnett shale in the Fort Worth Basin showed that more shale gas output occurred in layers containing higher TOC (Bowker, 2007) . Neither adsorbed shale gas nor total shale gas contained within the shale was greatly affected by TOC, and they had an approximately positive correlation (Fig. 5) , which indicates the potential for shale gas exploration southeast of Chongqing. From the standpoint of shale gas exploration, analyzing the relative sea level change and finding the maximum flooding surface in a transgression period are essential to find high TOC content. Table 3 lists the mineral content data of Longmaxi black shale in southeastern Chongqing, which was performed on the D/max-2500 X-ray diffraction instrument in the Petroleum Geology Research and Central Laboratory (PGR) RIPED. Quartz, feldspar and clay minerals are the predominant minerals in the rocks, ranging from 56% to 100% by weight, and their average content is 91%. Clay is the maximum mineral with an average of content 41% by weight, followed by quartz with an average content of 38% by weight. Feldspar content is relatively low compared to clay and quartz with an average content of 11% by weight. Other minerals remain relatively low. Carbonate content yielded a large range, ranging from 0% to 54%, but only two samples contain high carbonate. Pyrite content ranges from 0% to 4% in the cores, but pyrite was not found in Samples 1 to 19, which were collected from outcrops. The oxidizability in the outcrop area likely caused this. Shale served as a shale gas reservoir, and its development in different environments contributed to its varied mineral composition that greatly impacts the character of the shale gas reservoir. Daniel (2007) suggested that mineralogy analysis was absolutely necessary in a shale gas reservoir, especially in those requiring fracturing, such as the Barnett shale, the main reservoir in the Newark East field, which is the largest shale gas field in United States. Even though the black shale has good attributes for producing, accommodating and storing, the fractures remain essential because gas migration would otherwise be limited to a great degree by poor reservoir connectivity.
Mineral plane distribution and reservoir significance
Porosity and permeability are quite low in shale reservoirs (Curtis, 2002) . Shale gas exploration and development in the United States proved that the fissure system is extremely important in exploiting shale gas (Daniel, 2007) . Curtis (2002) and Daniel (2007) have suggested that mineral composition is the controlling factor for rock fragility, and when the brittle minerals, such as quartz and carbonate, are more abundant, the greater the brittleness of shale will be. The fissure system may be easily formed under the effect of geostress. Mineral distribution of the Longmaxi shale is shown in figure 6A , and total quartz, feldspar and pyrite content primarily range from 40% to 60% by weight, excluding two negative excursions. The content of clay minerals is approximately similar to the total quartz, feldspar and pyrite content, and the carbonate content is between 0% and 14%, except for two exceptional values. The successful exploitation of shale gas is primarily distributed in two regions in the United States. Total quartz, feldspar and pyrite contents are lower than 50%, and carbonate content ranges from 5% to 90% by weight. For the most part, carbonate content is lower than 20%; total quartz, feldspar and pyrite content and clay mineral content distribute between 25%-80% and 15%-65% in Ohio and Woodford and Barnett (west Texas) shales. Clay in Barnett shale is generally lower than 50%, and total quartz, feldspar and 610 Paleoenvironment of Lower Silurian black shale and its significance to the potential of shale gas, southeast of Chongqing, China Figure 5 . Relationship of total gas content and TOC in Barnett shale (Bowker, 2007) . 
CONCLUSION
The Longmaxi black shale developed in relatively deep water and is generally composed of turbidite and suspended sediment rocks; black shale, dark grey shale, dark grey marly shale and grey silty sandstone are the primary rock components in the study area. Longmaxi black shale is characterized by high clay, quartz and feldspar contents, and their sum content ranges from 56% to nearly 100%. Other minerals, such as carbonate and pyrite, are relatively low. The content of major elements is characterized by high SiO 2 , Al 2 O 3 and TFe 2 O 3 levels, and the contents of the trace elements Mo and U are much higher than that of earth crust and mudstone, indicating an anoxic reducing environment in the Longmaxi stage in the study area. The relative sea level experienced two rise-and-fall cycles in the early Silurian Longmaxi stage in the study area, and the reducibility increased gradually in response in the first (324.6 m-250 m) and third stages (200 m-140 m). In the second (265 m-190 m) and fourth stages (140 m-0 m), the relative sea level change and the reducibility of ancient sea water showed the opposite tendency compared with the other two stages. The two rise-and-fall cycles reflect the variations of paleoclimate and tectonic movement.
Total organic carbon content, produced dominantly by suspended sediment, was generally more than 1.2%; the maximum value was 2.2% in cores and 5.4% in some samples collected from outcrops. The maximum TOC content always appeared near the flooding surface, and the variation of TOC content coincides approximately with the changing of the relative sea level in the study area. This means we can predict the potential for shale gas, especially its lateral distribution, using the reconstruction of the paleoenvironment, such as the ancient sea level change. The mineral composition of the Longmaxi black shale is similar to the Ohio shale that provided the first U.S. commercial gas production. Thus, the characteristics of the Longmaxi black shale reservoir, including its fragility, will be similar to the Ohio shale. The high TOC content, thickness of the Longmaxi black shale, suitable character of the reservoir and other factors benefit the accumulation of shale gas in the study area.
